Stable Zn isotopes are fractionated in roots and leaves of plants. Analyses demonstrate that the heavy Zn isotopes are enriched in the root system of plants with respect to shoots and leaves as well as the host soil, but the fractionation mechanisms remain unclear. Here we show that the origin of this isotope fractionation is due to a chemical isotope effect upon complexation by Zn malates and citrates in the aerial parts and by phosphates in the roots. We calculated the Zn isotope effect in aqueous citrates, malates, and phosphates by ab initio methods. For pH,5, the Zn isotopic compositions of the various parts of the plants are expected to be similar to those of groundwater. In the neutral to alkaline region, the calculations correctly predict that 66 Zn is enriched over 64 Zn in roots, which concentrate phosphates, with respect to leaves, which concentrate malates and citrates, by about one permil. It is proposed that Zn isotope fractionation represents a useful tracer of Zn availability and mobility in soils.
Introduction
Using XAFS microspectroscopy [1] , it was found that Zn is dominantly bound to phosphate in the root system of the pseudometallophyte Arabidopsis halleri and to malate and citrate in the aerial parts. The importance of this observation was strengthened by the remarkable discovery [2] that 66 Zn in the root system of plants grown in a controlled environment is enriched over 64 Zn by 0.6 permil (%) with respect to the aerial parts of the plant, an observation replicated and confirmed on plants collected in their natural habitat [3] [4] [5] . Because zinc isotopic variability in the natural environment is relatively narrow, with the exception of FeMnhydroxide deposits, Zn isotope variability in plants is reflected in soils [5, 6] . In addition, it is well established that the absorption and desorption of both Zn and phosphates are strongly responsive to the pH of groundwater, hence the implications for water pollution are particularly important [7] . Zinc isotopes therefore have the potential to be a tracer of soil status and evolution as well as of water quality. Isotope fractionation by hydrated Zn ion, chlorides, sulfides, sulfates, carbonates, and citrates has recently been evaluated by ab initio methods [8, 9] . Here we set out to calculate by the same techniques Zn isotope fractionation for phosphates and malates and extend previous results for citrates. We then discuss the implications for plant physiology and soil status.
Materials and Methods

Theoretical background
Isotopic exchange in chemical reactions can be represented by two half-reactions,
where A and A9 are the heavy and light isotopes of the element A, and X and Y represent ligands. The difference between halfreactions 1 and 2 corresponds to a reaction of isotopic exchange between AX and AY:
The isotope separation factor a between AX and AY is defined as Since a is close to 1, a21 can be approximated as ln a.
Deviations of isotopic ratios from a reference value in parts per 1000 are conventionally defined as
If AX (and A9X) is the major component in the system, S[A]/ S[A9] is approximated to be ([A]/[A9]) X such that an approximation expression d<10 3 ln a is suitable. The standard theory of chemical isotope fractionation is based on mass-dependent isotopic differences in vibrational energies of isotopologues [10, 11] . The isotope enrichment factor is propor- where the sum extends over all the molecular vibrational level with primed variables referring to the light isotopologue and
In this equation, n i stands for vibrational frequencies, s for the symmetry number of the molecule, and u i = hn i /kT. The isotope enrichment factor due to the molecular vibration can be evaluated from the frequencies summed over all the different modes. The partition function ratio (s/s9)f for isotopologues A9X and AX (A9Y and AY, respectively) is noted b X (b Y , respectively). In the isotopic exchange reaction 3, isotope fractionation can be estimated from the relation ln a<ln b Y 2ln b X . Contribution of other isotope effects, such as the nuclear field shift effect, to ln b is less than 10% for the Zn chloride system [12] . An adequate approximation of Initial input configuration was taken from a model molecule ''ZnCit01'' of the literature [8] . The LanL2DZ basis set was chosen for Zn and the 6-31G(d) basis set for H, C, and O. ln b = 3.93% at 298 K was reported. doi:10.1371/journal.pone.0030726.t001 fractionation factors between different Zn species may be obtained by the conventional mass-dependent theory. All the calculations were made for the 66 Zn/ 64 Zn ratio. In the present study, the optimized structures of Zn species were first determined for 64 Zn. The intramolecular vibrational frequencies n i were calculated for each complex. ln b(u i 9) was determined by substituting n i into Eq. (7). Then 64 Zn was replaced by 66 Zn and the vibrational frequencies were calculated again for the same molecular structures to obtain ln b(u i ), from which ln b was then determined.
Computational details
Orbital geometries and vibrational frequencies of aqueous Zn(II) species were computed using density functional theory (DFT) as implemented by the Gaussian09 code [13, 14] . The DFT method employed here is a hybrid density functional consisting of Becke's three-parameter non-local hybrid exchange potential (B3) [15] with Lee-Yang and Parr (LYP) [16] non-local functionals. In a quantum chemical study, the convergence of the reaction energies of Zn(II) species is excellent in 6-311+G(d,p) or higher basis sets [17] . Hence, the 6-311+G(d,p) basis set, which is an allelectron basis set, was chosen for H, C, O, P, and Zn. The geometry optimization and intramolecular vibrational frequency analysis were performed for the hydrated Zn ion, hydrated Zn citrates, hydrated Zn malates, and hydrated Zn phosphates. For hydrated Zn ion, the results were reproduced from our previous studie [9, 12] . Molecules were modeled without any forced symmetry. An ''ultrafine'' numerical integration grid was used and the SCF convergence criterion was set to 10
29
.
Results
The possible Zn species are shown in Figure 1 and the ln b values obtained are shown in Table 1 . The optimized structure Cartesian coordinates are given in the File S1. The hydrated Zn 2+ ion possesses six H 2 O molecules in its first coordination shell and complexation with large anions such as Cl 2 decreases the coordination number from six to four (see [12] ). In the present study, we therefore assumed that the coordination number of Zn species is six. Coordination with multidentate ligands, however, sometimes decreases the coordination number due to stereochemical restriction.
Four 42 ligands, was optimized. Several species of Zn malates were found in titration studies [19, 20] . According to these authors, ZnH 2 (mal) 2+ , ZnH(mal) + , and Zn(mal) 0 emerge as the potential malate species. A higher-order complexation of Zn(mal) 2 22 may exist [20] . Malate ion (mal) 22 and its protonated species were treated as bidentate ligands, with H 2 O molecules arranged in the empty coordination sites of Zn malates.
Complexation of Zn in orthophosphate solutions has been studied in a pioneering work using titration method [21] . The results were reexamined and several different species were found [22] [21] and was applied in this study.
Discussion
Mole fractions of Zn citrates, malates, and phosphates are shown in Figure 2 as functions of pH. These values were calculated from literature data on formation constants [18, [20] [21] [22] and acid dissociation constants [18, 20, 21] . As an example, concentrations of Zn and citrate were set to the values in the literature [18] , i.e., [Zn] total = 0.005 mol dm 21 (M) and [cit] total = 0.01 M. Similar conditions were chosen for malates. For the phosphate system, we kept [Zn] total at the same level as in the other systems and used a rather high phosphate concentration of [P] total = 1 M. In Figure 2 , the ln b values at 298 K (see Table 1 , Zn citrates, malates, and phosphates ( Figure 3) . Let us first discuss 66 Zn/ 64 Zn fractionation between these species, at acidic, neutral, and basic regions. In the low pH region (pH,5), ln b values of all species are tightly grouped between 3.26 and 3.47%. In the neutral region, ln Using EXAFS and x-ray microfluorescence, it was pointed out that for a number of Arabidopsis species, Zn is mostly distributed among phosphates, malates and citrates, with phosphates being present notably in the root system [1] . In situ determination of pH by pseudoradiometric methods demonstrated that, cytoplasmic pH is generally stable at around 7.2 [24] . Both spectrometric and isotopic evidence [2, 3, 5] indicate that Zn phosphates must be the species responsible for Zn isotope fractionation between the root system, rich in phosphates and characterized by isotopically heavy Zn, and the aerial parts, rich in malate and characterized by isotopically light Zn. Phosphate may also account for the high d 66 Zn of herbaceous plants with respect to nutrient solutions [5] .
The presence of phosphate with a preferential uptake of heavy Zn , and aqueous citrates, malates, and phosphates at 298 K. Mole fractions of Zn species were calculated by using formation constants and acid dissociation constants reported in the literature [18, [20] [21] [22] explains why leachable Zn in soils has high d 66 Zn [25] , whereas residual silicates have low d 66 Zn [5, 6] . Nevertheless, pH at the spot of root hair initiation can drop below 4.5 [26, 27] . Low pH are consistent with the finding [4] that the root system of the Zn hyperaccumulator Arabidopsis halleri has much higher d 66 Zn than the root system of the nonaccumulator Arabidopsis petraea. A simple explanation of this observation is that the pH is regulated around a neutral value by the root system of Arabidopsis halleri, which promotes phosphate dissociation and Zn complexation. In contrast, in the root system of Arabidopsis petraea, pH drops to values pH,5 Zn, with the consequence that phosphate complexation is minimal and Zn isotope fractionation is greatly reduced.
In general, the fates of Zn and phosphate seem to be strongly connected and Zn isotopes should provide a new perspective on the chemistry of soils and groundwater. Phosphates are adsorbed on iron hydroxide precipitating in seawater [28] , estuaries [29] , and, at pH,7, soils [30] . Adsorption of Zn-phosphate liberated by the drainage of soils appears to be a straightforward explanation for the high d
66
Zn of ferromanganese nodules [31] . Potential applications to the origin of field experiments [7] involving injection of solutions with well-controlled chemistry and pH into a polluted soil show that Zn and P are released coherently when the pH of the solution falls below 5, which is consistent with the release of Zn initially bound in phosphate. Natural Zn leached from plant roots should be isotopically heavy, whereas the composition of a pollutant should reflect Zn from ores and be substantially lighter.
Conclusions
We investigated fractionation of 66 Zn and 64 Zn between phosphates, malates, and citrates, three Zn compounds abundant in plants, using ab initio techniques for a broad range of pH conditions. We found that, for pH.5, Zn phosphate is 1% heavier than Zn 2+ and Zn malate and, for pH,8, the heavy character of Zn phosphates is not greatly affected by the presence of citrates. This result accounts for the high d 66 Zn found for roots and herbaceous plants with respect to leaves and sprouts.
Supporting Information
File S1 Optimized structure Cartesian coordinates of hydrated Zn 2+ ion, citrates, malates, and phosphates (see Figure 1 ). (DOC)
